Abstract In this work, cellulase was used to treat with oat bran, and its effect on the total polyphenol content and phenolic profiles were investigated, with heating-only treatment as the control. Antioxidant capacity of the phenolic extracts from oat bran was assessed by scavenging of 2,2 0 -azinobis (3-ethylbenzothiazoline-6-sulphonic acid), 2, 2-diphenyl-1-picrylhydrazyl radical cation, the ferric reducing antioxidant power, and protein oxidative damage protection assays. As a result, cellulase treatment significantly increased the total phenolic content, total antioxidant capacity, and the ability on the protection of protein from oxidative damage of the oat bran compared with heating-only treatment. Furthermore, cellulase treatment significantly increased availability of most phenolic compounds, except of gallic acid, such as caffeic acid by 97 % (5.33 vs. 10.51 lg g -1 ), vanillin by 28 % (3.32 vs. ). However, heating-only treatment had no significant influence on the five detected phenolic compounds. Therefore, the study revealed that cellulase treatment would produce polyphenol-rich oat products with increased antioxidant activity.
Introduction
Epidemiological studies have consistently shown that diets rich in whole grains are associated with a decreased risk of a number of chronic diseases such as coronary heart disease (Mellen et al. 2008) , type II diabetes (Tapola et al. 2005) , and certain cancers (Kasum et al. 2002; Haas et al. 2009 ). The beneficial effect of whole grains and cereal products is often attributed to their functional components concentrated in the outer layers (Jacobs et al. 2000) . As a traditional whole grain cereal, oat (Avena sativa and nuda L.) not only maintains most of its functional molecules such as dietary fibers, proteins, peptides, amino acids, and vitamins, but also phytochemicals like phytate, lignans, polyphenols, and phenolic acids which are concentrated in bran, the outer layers of the grain (Verardo et al. 2011) .
Phenolic compounds have received increased interest because of their ability to scavenge free radical (Fagerlund et al. 2009; Xu et al. 2009 ), their role in prevention of radical damage to biomolecules such as DNA, RNA, proteins, and cellular organelles (Prakash et al. 2007) , their anti-microbial, anti-allergenic, and anti-inflammatory properties as well (Hurtado-Fernandez et al. 2010; Katalinic et al. 2010) . Phenolic compounds in oat and other grains mainly exist in bound forms that is difficult to be extracted with the use of organic solvents (Peterson 2001) . The release of them is commonly carried out by acid or alkali hydrolysis (Verardo et al. 2011 ). This would cause great loss of some phenolic acids since which are not stable under acid conditions (Krygier et al. 1982) . Furthermore, high alkaline conditions were reported to reduce nutritive values of proteins by facilitating the formation of lysinoalanine (Wang et al. 1999) . Comparatively, enzymatic method is more appreciated in extracting phenolics due to it is done in mild conditions.
It was reported that phenolic acids were linked to cellulose and hemicelluloses through ester linkages in the cell wall of oat bran (Ishii 1997; Hatfield et al. 1999) .Enzymes that have capability to cause the disintegration of cell wall matrix would have potential for releasing phenolic compounds from its boundform and thus increase the availability of these phenolic compounds. Cellulase is a widely accepted enzyme that has such kind of capability, and has been used in pomace to improve phenolic contents (Kapasakalidis et al. 2009) . In this study, we used cellulase to treat oat bran and investigated its influence on total phenolic content, phenolic profiles, and antioxidant activity of oat bran. The result is hoped to provide an effective processing method for achieving more extractable phenolics from oat bran.
Materials and methods

Materials and chemicals
2,2
0 -azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylicacid (Trolox), 2,2 0 -azobis (2-methylpropionamidine) dihydrochloride (AAPH), 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ), Folin-Ciocalteu phenol reagent, gallic acid (GA), caffeic acid (CA), vanillin (V), pcoumaric acid (pCA), ferulic acid (FA), and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were purchased from Sigma (Aldrich Corp., St. Louis, Mo, USA). Cellulase from Trichoderma viride ([16,000 U g -1 ) was obtained from the MP Biomedicals, LLC. (Santa Ana, California, USA). The enzyme shows a very high filter paper decomposing activity and appreciable xylanase and hemicellulase activity with the optimum pH between 4.0 and 5.0 and temperature ranging from 50 to 60°C. All other chemicals and reagents used in the study were of analytical grade. Oats (Baiyan 2, a naked variety) were obtained from a local supermarket in Yangling town, Xianyang City, Shaanxi Province, China. Deionized water was used throughout the study.
Methods Preparation of oat bran
Oat grains were washed with distilled water and dried to the moisture content of 8-12 % in a 45°C oven for 12 h. Milling was performed using a Brabender Quadrumat Junior (Brabender GmbH and Co., KG, Duisburg, Germany) according to AACC official method 26-50 (American Association of Cereal Chemists, 11th, ed.) to obtain oat bran.
Enzyme treatments
Enzyme treatment was performed (in triplicate) in a 50-mL polyethylene centrifuge tubes with continuous stirring. In detail, oat bran (5 g) was suspended in citrate buffer, pH 4.8, reaching 20 % (w/v) substrate concentration in the final reaction mixture. After pre-equilibration at 50°C for 5 min, cellulase ([16,000 U g -1 , 10 mg mL -1 ) was added, and the mixture was incubated at 50°C for 20, 40, 60, 80 min with continuous stirring in a thermostatically controlled water bath. The E/S value (volume of the enzyme preparation relative to the mass of oat flour) of 0.1 (v/w) was applied. Same conditions were also used for the samples without the presence of enzyme to make control (heating-only) for the cellulase treatment.
Extraction of phenolic compounds
According to the experimental design, the reaction was terminated after all treatments by immediately immersing the tubes in a boiling water bath for 5 min, as described by Verardo et al. (2011) After rapid cooling, each sample was mixed twice with 80 % methanol (1:10 w/v) in an ultrasonic processor (KQ-250E, Kunshan Ultrasonic Instruments Co., Ltd., Kunshan, China) at 25°C. The obtained methanolic extracts were centrifuged for 10 min at 4000 g. Supernatant of each sample was separately pooled and evaporated to dryness at 40°C using a rotary evaporator BUCHI, Flawil, Switzerland) . The evaporated residue was dissolved in 3 mL of methanol. The extracts were stored at -20°C until analysis.
Determination of total phenolics contents
Total phenolic content was determined using the Folin-Ciocalteu colorimetric method as described by Payet et al. (2006) with some modification. Briefly, a 0.5 mL of 0.2 M FolinCiocalteu reagent and a 0.8 mL of 7.5 % sodium carbonate solution were mixed with a 0.1 mL of the pre-appropriately diluted extract. The mixture was incubated for 30 min at 25°C before the absorbance at 765 nm was measured using a spectrophotometer (UV mini-1240, Shimadzu, Tokyo, Japan). The phenolic content was expressed as GA equivalents [lmol GAE g -1 bran dry weight basis (DW)].
Analysis on phenolic profiles
Phenolic profiles and the content of each phenolic compound were analyzed using a high-performance liquid chromatography (HPLC) method, as described by Robbins and Bean (2004) with some modifications. The analysis was performed using a Shimadzu HPLC system with an LC-20AT separation module, a SIL-20A autosampler, a DGU-20A5 degasser, a SPD-M20A diode array detector, a CBM-20A communications bus module, a CTO-20A column oven, and a pre-packed reversed-phase C18 column (5 lm, 250 9 4.6 mm i.d., Shimadzu Corp., Kyoto, Japan). The mobile phase consisted of distilled water (pH 2.6 with phosphoric acid) (solvent A) and methanol (solvent B). The flow rate was kept at 0.8 mL/min for a total run time of 75 min at 25°C and the gradient program was as follows: The injection volume was 15 lL, and the monitored wavelength was 280 nm. Peak identification was accomplished by comparing the retention times and UV spectral characteristics with those of standards of each type of phenolic compound analyzed under the same conditions. Quantitative determination was performed using an external calibration curve.
ABTS assay
The ABTS ? radical cation decolorization assay was carried out to evaluate the activity of the obtained phenolic extracts in capability of scavenging ABTS ? radical cation according to the modified method (Chun et al. 2005) . In operation, the appropriately diluted sample (0.4 mL) was added to 4 mL ABTS ? solution, the mixture was shaken vigorously, and then incubated at 25°C for 30 min before reading the absorbance at 734 nm. The results were expressed as Trolox equivalent (lmol TE g -1 bran DW).
DPPH assay
The DPPH
• assay was carried out as described by Bratt et al. (2003) with slight modifications. Briefly, 0.5 mL appropriately diluted extract was mixed with 0.3 mL 0.6 mM DPPH ethanolic solution. The mixture was mixed for 30 s using a vortex mixer and kept in the dark for 30 min before measuring absorbance at 517 nm. The results were expressed as lmol Trolox equivalent (TE) g -1 bran DW.
Ferric reducing antioxidant power (FRAP) assay
For the FRAP assay, we measured the increase in absorbance at 593 nm resulting from the formation of TPTZ-Fe II complexes in the presence of a reducing agent (CorralAguayo et al. 2008 ). The FRAP reagent was prepared fresh daily, and consisted of a 10:1:1 (v/v/v) mixture of 300 mM sodium acetate buffer (pH 3.6), 10 mM TPTZ solution in 40 mM HCl, and 20 mM FeCl 3 solution. The FRAP reagent was warmed to 37°C in a water bath before use. Then, 0.1 mL appropriately diluted sample solution was mixed with 2.0 mL FRAP reagent and incubated at 37°C for 30 min. The results were expressed as Trolox equivalent (lmol TE g -1 oat bran DW).
Protection against protein oxidation assay
The capability of the phenolic extracts in protection against protein oxidation was measured using the assay of alkylperoxyl radical-induced oxidation of bovine serum albumin (BSA) as described by Mayo et al. (2003) with some modifications. We prepared AAPH as a 500 mM stock solution, and heated the solution for 2 min at 37°C before it was added to samples. Specifically, BSA (1.2 mg mL -1 ) was incubated with AAPH (500 mM) in the presence or absence of methanolic sample extracts in a shaking water bath at 37°C for 6 h. A protein sample without AAPH was used as the control. After treatment, protein samples were mixed with loading buffer (100 mM Tris-HCl buffer (pH 6.8), 4 % sodium dodecyl sulfate (SDS), 0.2 % bromophenol blue (BPB), 20 % glycerol, 2 % b-mercaptoethanol), and heated at 100°C for 5 min. A 15-lL aliquot of each sample was separated by SDS-PAGE on 12 % acrylamide gels. The gels were stained overnight with 0.1 % Coomassie brilliant blue R-250 and then washed extensively. The gels were analyzed using a ChemiDoc XRS gel documentation system (Bio-Rad, Hercules, CA, USA). To determine the extent of protein damage, band intensity was estimated using Quantity One 4.6.2 software (Bio-Rad). The optical density of bands was estimated and standardized against that of the control group. The extent of protection against protein oxidation was calculated as follows:
where Y is the extent of protection against protein oxidation, D s is the density of the band of BSA treated with the sample (treated or not with a-amylase) (i.e., BSA incubated with AAPH and methanolic sample extract), D t is the density of the negative control (BSA incubated with AAPH in the absence of methanol extracts of samples), and D c , (standard density, defined as the density of the positive control whose relative density is set to 1).
Statistical analysis
All experiments were conducted three times independently. The experimental data were expressed as mean ± standard deviation (SD). Data were analyzed by two-way analysis of variance (ANOVA). Tukey's honestly significant difference Appl Biol Chem (2016) 
test was used to determine the significance of differences between the means (p \ 0.05). Correlation analysis was used to study the relationship among parameters. We used SPSS ver. 16.0 software (SPSS, Inc., Chicago, IL, USA).
Results and discussion
Effect of cellulase treatment on total phenolic content As shown in Table 1 , the total phenolic content in oat bran treated with cellulase was significantly increased in a manner of time dependent (p \ 0.05). The samples treated with heating-only also showed significantly (p \ 0.05) increase of total phenolic content at the first 20 min, and then kept stable in a high level from 20 to 80 min. Comparatively, cellulase treatment resulted in a much higher increase of phenolic content than heating-only treatment (control) after same treating period (p \ 0.001). This demonstrated that both of heating and cellulase treatment could cause release of phenolic compounds from oat bran, but the latter was much more efficient than the former. These phenomena were consisted with the previously reports that phenolic compounds in oats and other grains were mainly linked to cellulose and hemicelluloses through ester linkages (Ishii 1997; Hatfield et al. 1999) , which is easy to be broken by enzymatic hydrolysis, but not by the heating-only treatment. It has been known that the degradation of cellulose and hemicellulose is effected by a group of glycosidases which hydrolyzed glycosidic bonds within the polymer. Each polymer is cleaved into large oligomers by endoglycanases (endoglucanases and endoxylanases) and then further degraded into smaller oligomers, disaccharides (cellobiose and xylobiose), and monosaccharides, by exoglycanases and disaccharide hydrolases (cellobiase, b-glucosidases, and b-xylosidases) (Birsan et al. 1998) . High efficient degradation of cellulose embedded in cell wall was reported to normally involve the combined action of endoglucanase and cellobiohydrolase (major components of the cellulolytic system) (Vincken et al. 1994) . The presence of xyloglucanase (hemicellulase) could enhance the accessibility of cellulose for the consortium of cellulolytic enzymes (Vincken et al. 1997 ). This might be due to xyloglucans which are long enough to tether cellulose microfibrils via hydrogen bonding (McCann et al. 1990 ). And, hence, the rupture of these cross-links probably assists the degradation of the cellulose-xyloglucan network (Rose and Bennett 1999) , which would facilitate the access of cellulolytic enzymes to their substrates.
The cellulase we used in the study was a commercial enzyme product that contained a few of hemicellulase and xylanase activity, besides the major activity of endocellulase. Therefore, it is reasonable to deduce that the enzymatic reaction caused by this cellulase product and the resulted polysaccharide degradation would facilitate the release of phenolic compounds from cell walls in oat bran and thus greatly increase the extractable polyphenol content in the samples. The resulting cellulolytic and xylanolytic action of the cellulase and the xylanase in the enzyme product would also cause easy release of the extracted phenolics from the complex cell wall structure. The findings of this study agreed well with the findings of Alrahmany and Tsopmo (2012), who reported an increase in total phenols after treatment of oat bran with carbohydrates.
It should be mentioned that the samples treated with heating-only also showed significantly (p \ 0.05) increase 
ABTS ABTS
•1 scavenging capacity, DPPH DPPH radical scavenging capacity, FRAP ferric reducing antioxidant power, GAE gallic acid equivalent, TE Trolox equivalent of total phenolic content. This might be because heating could soften tissues, loose the network of cell walls, etc. and thus cause the release of originally combined compounds (such as some kind of phenolic compounds) from these molecular and tissues. Therefore, the increase of phenolic content in the cellulase-treated samples might be partially caused by heating also, since the cellulase treatment was carried out under similar heating conditions. Furthermore, the statistical analysis showed that the interaction between heat/enzyme treatment and time was significant at the level of p \ 0.01.
All of the above results showed that the presence of cellulase was the major factor that caused the increase of total phenolic content in oat bran, although heating process would also partially contribute to this effect to some extent.
Effect of cellulase treatment on phenolic profiles
Five phenolic compounds GA, CA, V, pCA, and FA were detected in both cellulase-treated and heating-only samples. According to the two-way ANOVA analysis, significant influence was found in the effect of heating/enzyme treatment, treating time, and their interaction on the content of CA, pCA, and FA at the level of p \ 0.05, while no significant influence on the content of GA. The yield of V was significantly affected by heat/enzyme treatment and treating time (p \ 0.05), but not by their interaction.
As shown in Table 2 , in heating-only treatment, the amounts of the five detected phenolic compounds showed no significant difference (p [ 0.05) among different treatment duration. However, the contents of most detected phenolic compounds, except of GA, significantly increased after long period of treatment by cellulase (p \ 0.05). Furthermore, compared with the heating-only treatment, the cellulase treatment caused greater increase in the amount of most detected phenolic compounds (p \ 0.05), except of GA.
It was also found that the heating-only treatment had little influence on extractability of the five detected phenolic compounds. This indicated that heating-only might be helpful to the release of some kind of phenolic compounds, other than the detected five phenolic compounds. However, the cellulase treatment significantly increased the extractability of the four tested phenolic compounds in oat bran, except of GA. This also implied that the combination of CA, V, pCA, and FA with other components could not be destroyed by heating-only, but could by cellulase.
In addition, the extent of the increase of different phenolic compounds contents varied greatly, even in a same treatment. For example, after cellulase hydrolysis for 40 min, the content of CA increased from 5.25 to 8.24 lg g -1 , whereas that of FA only from 11.83 to 104.19 lg g . This might be caused by the diversity of the total content of these phenolic compounds in oat bran.
Furthermore, the amounts of CA, V, pCA, and FA increased highly significantly (p \ 0.001) after cellulase treatment compared to heating-only treatment at same treating time. After 40 min of hydrolysis, the contents of CA, V, pCA, and FA significantly increased by 74, 25, 94, and 756 %, respectively. After 80 min of cellulase, the amounts of CA, V, pCA, and FA showed an additional increase, compared with the heating-only sample.
According to the above results, it could be concluded that cellulase treatment may result in release of some phenolic compounds, especially FA. The results were consistent with previous reports that FA is one of the major phenolic compounds in cereals, and it is attached to arabinoxylan in the cell wall (Ishii 1997; Hatfield et al. 1999 ). Adom and Liu (2002) reported that in a whole oat grain, 98 % of FA are in bound form, 2 % are in soluble conjugates, and only 0.4 % are present in the free form. Combined enzyme treatments of Aspergillus feruloyl esterase and Trichoderma xylanase released FA from the cell wall of oat hull by breaking the ester linkage between FA and the attached sugar (Yu et al. 2002; . Effect of cellulase treatment on in vitro antioxidant activity of oat bran
In order to evaluate the variation in antioxidant activity of the phenolic extracts form oat bran, DPPH, ABTS, and FRAP assays were performed on the phenolic extracts obtained after heating-only treatment and cellulase treatment. According to the two-way ANOVA analysis, besides different treatment, treating time, the interaction of treatment method, and treating time also had significant (p \ 0.05) influence on the antioxidant activity of extracts (Table 1) . The heating-only treatment showed significant increase (p \ 0.05) in ABTS radical scavenging activity and FRAP values with treatment duration, while no significant increase in DPPH radical scavenging activity. Cellulase treatment significantly increased (p \ 0.05) the ABTS, DPPH radical scavenging activity, and FRAP values of oat bran samples in a time-dependent manner with a maximum value at 80 min. Similar to the results found in total phenolic content and phenolic composition, cellulase treatment significantly increased the radical scavenging activities of ABTS, DPPH, and the values of FRAP (p \ 0.05) as compared with the heating-only treatment. In addition, the polyphenol content was correlated well with ABTS radical scavenging activity (r = 0.96, p \ 0.01), DPPH radical scavenging activity (r = 0.99, p \ 0.01) and FRAP values (r = 0.97, p \ 0.01). This suggested that cellulase treatment increased phenolic content in extracts from oat bran, and thus resulted in the increase in antioxidant capacity. This is consistent with the previous reports that a large proportion of antioxidant activity can be attributed to phenolic compounds in some plants (Wong et al. 2006; Corral-Aguayo et al. 2008 ).
Effect of cellulase treatment on ability to protect protein against oxidation As shown in Fig. 1A , the phenolic extracts from all treated oat bran samples (with heating-only treatment or cellulase treatment) had higher remaining protein than negative control, suggesting all oat bran samples have capability to protect against protein oxidation, and that enzyme treatment significantly enhanced this capability of oat bran. In addition, the results of the cellulase treatment and the heating-only treatment were also significantly different (p \ 0.001). Moreover, both treating time and the interaction between treating time and treatment methods had significant influence on the results at the level of p \ 0.05 in the two-way ANOVA analysis.
The heating-only treatment did not show significant (p [ 0.05) effect on the extent of protection against protein oxidation of oat bran samples among different treating time. Whereas, the extent of protection against protein oxidation of enzyme-treated samples showed an overall increase with the treating time (p \ 0.05), and reached to the maximum value after 80 min (Fig. 1B) . The increase of ability to protect against protein oxidation by cellulase treatment was in accordance with the increase of phenolic content, indicating that phenolic compounds might be the major factors that contributed to this activity. The phenolic compounds derived from malt extract were also able to protect proteins from oxidative damage (Yang et al. 2010) . 
